Dynamic focusing of a 3.8 MeV, 25 ps long, full width at half-maximum (FWHM), electron bunch by an overdense (n,+nb, where np and nb are the plasma and bunch densities, respectively) plasma lens has been studied experimentally. The plasma focused the bunch from an initial transverse size of approximately 2.4 mm (PWHM) to about 0.5 mm, 21 cm downstream of the plasma. The sharp rise time (7 ps lo%-90%) of the electron bunch, excites a large-amplitude (<l MeV/m) plasma wave (plasma wake field). The peak focusing force of the lens is partly (60%) due to the beam-generated, azimuthal magnetic field and partly (40%) due to the radial component of the electrostatic w&e field. 0 199.5 American Institute of Physics.
I. INTRODUCTION
Plasma based lenses-for focusing of charged particle beams have had a long and rich history. As early as the 1920s,,_the electrostatic focusing' of a low-energy electron beam by the beam-generated plasma was observed in cathode ray tubes. The first design of a plasma lens for focusing of positive ion beams was proposed by Gabor" in 1947 . The "Gabor" lens consists of a cylindrically symmetric column of uniform density pure electron plasma confined in a Penning trap. The uniform plasma density generates a radially linear electric field within the column, which has been used to electrostatically focus an ion beam.3 In 1957, a current carrying, neutral plasma column was used by Panofsky and Baker4 to magnetically focus a 350 MeV proton beam. The focusing force of this lens isdue to an azimuthal magnetic field generated by the externally driven axial plasma current.5 In 1986, Katsouleas,6 and later Chen,7 while working on the plasma wake field accelerator, proposed a "passive" plasma lens based partially on Bennett' s concept of magnetic self-focusing.s In the "passive" lens, a preformed, current-free, neutral plasma either partially or completely charge neutrahzes a relativistic particle beam, allowing the azimuthal, self-magnetic field of the beam to pinch the beam.s This is in contrast to the current carrying "active" magnetic lens of Panofsky and Baken4 which relies on an externally generated magnetic field for focusing.
The basic concept behind the "passive" lens is quite simple and has been known since the early work of Bennett.8 A relativistic particle beam propagating in vacuum experiences defocusing space charge and emittance forces and a focusing self-magnetic force due to its axial current. The self-magnetic force reduces the space charge force by a factor of l/J, where y is the Lorentz factor. If somehow the beam space charge force is eliminated without reducing the self-magnetic force, the beam will self-pinch. With the proper choice of parameters, a preformed plasma can accom-*Paper 4420, Bull. Am. Phys. Sot. 39, 1622 Sot. 39, (1994 . +Invited speaker. plish this. When the beam enters a preformed plasma; the large radial electric field of the beam pushes out the plasma electrons to establish charge neutrality within the beam." Simultaneously, the inductive electric fields at the head of the beam drive an axial current within the plasma to cancel the beam current.t" As long as the plasma density (n,) is greater than the beam density (nb) and the plasma response is adiabatic [i.e., the beam rise time (7,) is much longer than the plasma response time, l/w, where wp= Jz is the plasma frequency], the beam is fully charge neutralized. Current neutralization, on the other hand, is a bit more complicated. In a highly conducting, collisionless plasma, the injected beam induces substantial return currents that flow back on the beam over a region that is several plasma skin depths (c/w, , where c is the speed of light) wide." In the case where the beam radius is greater than the plasma skin depth (rb>cImp), the plasma return currents completely cancel the beam current (full current neutralization); i.e., the beam self-magnetic field vanishes. However, when rb<cI wp , since most of the plasma return currents flow outside of the beam, the self-magnetic field is not reduced significantly within the beam. If the uncompensated self-magnetic force exceeds its space-charge and emittance forces, the beam will self-pinch. This is the basic focusing mechanism behind the "passive" plasma lens.
Magnetic self-focusing was first observed experimentally12 in 1965. The self-magnetic force that is proportional to p'(p= vb/c, where bb is the beam velocity) is significant compared to the space-charge force only for relativistic beams. For short, ultrarelativistic electron bunches in high-energy particle colliders, the self-magnetic force is quite large. For example, for a typical Stanford Linear Collider (SLC) bunch (1 nC, cr,.=2 pm, aZ= 1.2 mm), the selfmagnetic field at the edge of the bunch is greater than 5 T.13 This corresponds to a focusing gradient of 250 MG/cm, which exceeds the focusing gradient of conventional lenses by four orders of magnitude. Because of these large focusing gradients, it has been suggested that a "thin" plasma lens7 with a focal length longer than the length of the plasma column could be used as a final focusing element in the future TeV colliders, where extremely small spot sizes (cr,= 1 nm, cry=200 nm) are required at the interaction point.14 Although magnetic self-focusing has been utilized to propagate intense particle beams over long distances, there have been very few experiments to study the tight focusing capabilities of the "passive" self-focusing lens. In the beam propagation experiments, 'z'~ the plasma channel length is much longer than the betatron wavelength (hp=27Trol(21/I,)'~2, where r. is the initial beam radius, and I and I, are the beam and Alfvin currents, respectively). As a result, the beam undergoes multiple, large-amplitude, transverse oscillations within the plasma channel. When the plasma focusing force is nonlinear or the beam has an energy spread, the multiple oscillations lead to emittance growth, which damps transverse beam instabilities.r7 Subsequently, the beam attains an equilibrium radius, which has been measured by several researchers. '2*'6,'8 This equilibrium condition, also known as Bennett's equilibrium,8 allows a stable beam propagation over long distances. In a plasma lens, however, the plasma column is generally shorter than Ad4 to prevent the degradation of the beam emittance, which ultimately limits the minimum spot size. Hence, the focal length of the plasma lens is longer than the length of the plasma column (a thin lens). In analogy to an optical lens, the plasma lens imparts a radially symmetric, inward kick to the azimuthally symmetric bunch, which brings it to a focus outside of the plasma. With the exception of the present work," there has been only one other plasma lens experiment,20 where very limited focusing, less than a 20% reduction in spot size, was demonstrated.
il. EXPERlMENTAL SETUP
The experiment was performed with a laser-driven, radio-frequency (RF) gun,21 which produces 25 ps long, 3.8 MeV photoelectron bunches at 1 Hz containing up to 1.5 nC per bunch. A detailed schematic drawing of the experimental setup is shown in Fig. 1 . The RF gun consisted of a 1.5 cell, n-mode resonant cavity operating at 2.856 GHz. The gun was capable of producing a very large accelerating gradient (100 MeV/m) at the cathode, which was located in the midplane of the first cavity (half-cell). The copper cathode was illuminated by an intense, 50 ps long full width at halfmaximum (FWHM), laser pulse (A=266 nm, 100 d/pulse). The laser pulse is produced by frequency up-converting of a regeneratively amplified mode-locked laser (X= 1064 nm, 5 mJ/pulse, 5 Hz). With a quantum efficiency of 10w4, the copper photocathode produced up to 1.5 nC of charge. The photoelectrons were accelerated by the high gradient gun to about 3.8 MeV. The electron bunch was transported to a plasma chamber located 2 m downstream of the RF gun, with a focusing solenoid at the exit of the accelerator and four steering magnets (not shown). To isolate the RF gun (pC5X lo-* Torr) from the plasma chamber (~920 mTorr), a two-stage, windowless differential pumping system was implemented. Each pumping stage consisted of a low conductance tube followed by a turbomolecular pump. Since the beam encountered no windows, the beam emittance was not degraded due to multiple scattering. The plasma (n,~6XlO'~ cms3, kT,-2 eV) was produced by an inductively coupled RF discharge in a glass tube (diam= 1.7 cm, length= 12 cm). The RF amplifier (IO-20 MHz, 1 kW) was connected via a capacitive tuning circuit to a helical antenna (5.5 cm long, 12 turns) wrapped on the outside of the glass tube [ Fig. 2(a) ]. The pulsed (ton=5 ms, t,,=395 ms) plasma was diagnosed by a cylindrical (diam=0,76 mm, length=2.5 mm), axially and radially movable Langmuir probe calibrated against a 62.5 GHz microwave interferometer. The shot-to-shot fluctuations of the plasma density was measured to be less than 5%. Since the probe measurements directly under the antenna tended to disturb the discharge, the relative axial plasma density profile was determined independently by measuring the emission intensity profile of the Ar' (480 nm) line. In the vicinity of the antenna, the relative probe and intensity measurements agree quite well. Hence, the probe and light intensity measurements are combined to map out the entire axial density profile, as shown in Fig. 2(b) . The asymmetry in axial density profile is due to a large pressure gradient (20 mTorr/l5 cm) across the glass tube. The radial density profile that has a flat top is also Fig. 2(c) . No external magnetic fields were applied to the plasma in order to eliminate any focusing effects on the bunch.
The electron bunch was characterized with a variety of diagnostics (Fig. l) , which include four retractable, linear phosphor-coated screens (PS l-4), both upstream and downstream of the plasma chamber for time-integrated spot size measurements; three retractable Faraday cups (not shown) for charge measurements; an integrating current transformer gCT) for nondestructive measurement of beam charge; and a Cerenkov radiator (CR) downstream of the plasma for timeresolved spot size measurements.
HI. EXPERIMENTAL RESULTS
The electron bunch, which initially contained up to 1.5 nC of charge, was scraped by the two low conductance tubes of the differential pumping system. Up to 0.6 nC (1,,,,<20 A) was transported to the plasma chamber, as independently measured by the Faraday cups and the integrating current transformer. Because of the low energy (y=7.5) and the high charge (0.1 nC< Q 6 0.6 nC) of the bunch, the bunch transport was space-charge dominated (0.2Gemittance force/ space-charge force=%0.8). The transverse bunch size was measured at four axial positions (PSl-PS4). As Fig. 3(a) indicates, the measurements agree quite well with the numerical solution of the beam envelope equationz2 with space charge, given by
where r(z) is the beam envelope radius, E is the beam emittance, Y, is the classical electron radius, and I, is the beam current. As shown in Fig. 3(a) , the bunch is radially expanding and is estimated to have a transverse size of about 2.3 mm FWHM at the entrance to the plasma lens. In addition, the measured transverse bunch profile is roughly Gaussian (a,=1 mm).
The electron bun:h length in time was measured by streaking the prompt Cerenkov radiation generated when the electron bunch traverses a 500 pm thick fused-silica radiator mounted on a retractable shaft 31 cm downstream of the plasma lens. To reduce tb,e. dispersive effects in the streak camera, the broadband Cerenkov radiation was filtered (h?tltC?* -550 nm, AX-100 nm FWHM) and then imaged onto the 100 ,um vertical slit of the camera. The Jemporal resolution of the combined streak camera and the Cerenkov radiator system was less than 5 ps FWHM. The vertical resolution of the camera was 33 ,um. Figure 3(b) shows the normalized temporal profile of the electron bunch in the absence of the plasma. The photoelectron bunch length (rb) is about 25 ps (PWHM) with a sharp rise time of about 7 ps, even though the laser pulse was 50 ps (FWHM) long. The temporal bunching of the photoelectrons is due to the dynamics of the acceleration process in the RF gun, as verified by PARMELA23 simulations. The acceleration of a 50 ps long, cold (1 eV) photoelectron bunch in the 1.5 cell RF gun was simulated by PARMELA using point-by-point space-charge calculations for 2000 particles. For comparison purposes, the temporal profile of the bunch generated by PARMELA, which agrees quite well with the electron bunch streaks, is also plotted in Fig. 3(b) . From the bunch size and charge measurements, one can then estimate the bunch density to be #t,G5X IO") crne3-&, . As confirmed experimentally, the effects of the background gas on the bunch electrons were negligible (llz+,,~50 n&r&, where Vion is the collisional ionization frequency24) due to the short length of the bunch. Also, since r~,~v,,=O.O1, where uv,,, is plasma electronneutral collision frequency,25 the plasma return currents are not influenced by the collisions. Time-integrated transverse bunch sizes were measured at three locations downstream of the plasma lens. Figure 4 summarizes the measurements at PS2, 21 cm downstream of the plasma. In the absence of plasma, the vertical dimension of the bunch is about 3.2 mm PWHM and has a peak intensity of about 45 counts [ Fig. 4(b) ]. When the plasma is turned on, the vertical bunch size shrinks down to about 0.55 mm, with a peak intensity of 550 counts [ Fig. 4(d) ]. Therefore. the bunch is focused by a factor of 4.2 from an initial bunch size of 2.3 mm PWHM at the entrance to the plasma lens. The spatially integrated intensities of bunch images in Figs. 4(a) and 4(b), which are proportional to the total bunch charge are equal to within 3%. In addition, independent charge measurements indicate that all (to within 5%) of the charge upstream of the plasma lens is transported to the end of the beamline. At PS3, 10 cm downstream of PS2, the integrated bunch size increases to about 1.0 mm (FWHM); and at PS4, 23 cm downstream of PS2, it is 1.1 mm. The plasma density and the bunch charge were varied to study their effects on the focusing characteristics of the plasma lens. Figure 5 shows the integrated vertical bunch size as a function of charge measured at PS2. As the charge is increased beyond 0.1 nC, the bunch size decreases and eventually saturates at about 0.55 mm. A similar behavior is observed as a function plasma density; i.e., at low plasma densities, the bunch hardly focuses, but as a function of increasing plasma density, the bunch sizes decreases and rapidly saturates.
To study the dynamics of the focusing, the focused bunch was also streaked 31 cm downstream of the plasma lens. Figure 6(a) shows the streaked image of a 100 ,um wide vertical slice through the center of the bunch in the presence of the plasma. For analysis, the streaked image is divided into 5 ps wide (resolution of a camera) vertical strips. Each strip is integrated in time to obtain the vertical bunch dimension (FWHM), which are then plotted versus time along with the peak intensity in Fig. 6(b) . The head of the bunch is virtually unaffected by the plasma due to electron inertia. In approximately 20 ps, the bunch focuses from an initial vertical size of about 2.7 to 0.57 mm, while the peak intensity increases from 100 to 2300 counts at the best focus (saturation effects in the streak camera reduce the peak intensity by about 20%). At later times, the bunch is overfocused as the focusing force increases. Since the lens has a time-dependent focusing force, the focal length of the lens is not unique. Different axial parts of the bunch come to a focus at different axial positions. This nonuniform focusing gives rise to longitudinal aberrations, which would limit the increase in the bunch luminosity" in a collider. 
IV. DISCUSSION
In general, the transverse and longitudinal forces gener--ated by a beam interacting with a plasma can be obtained directly from the plasma wake field theory.26v27 Since the exact longitudinal and transverse bunch profiles were measured experimentally, the transverse focusing force, W,= E, -(v,lc)Bg, can be calculated from the linear (nb=-+zp) wake field theory," and is given by ~.
where uh is the beam velocity, F(r) represents' the radial profiie of the transverse wake field and is a function of oP and the radial beam profile, k,=m,Ic, E=u,t-z, andf(t)
Time ( is the axial beam profile. Equation (2) suggests that the amplitude of the focusing field is a strong function of the beam profile. In the limit where wP approaches zero (no plasma), the~integral in Eq. (2) vanishes and the net transverse field becomes the vacuum space-charge field reduced by the 119 factor, as expected. In addition, in the limit where 7,s l/w,, the oscillatory wake field contribution vanishes (E,--+O), and the only contribution to the focusing force is due to the beam's self-magnetic field. Figure 7 shows the transverse focusing force profiles in time and radius as a function of plasma density calculated from Eq. (2). At very high plasma densities (ri,> lOI4 cm-3, l/o,-=&-,.), since the plasma can respond adiabatically to the beam, no plasma oscillations are excited (no wakesj. In this case, the beam space charge is fully neutralized, and the focusing force has the same temporal profile as the bunch current. For our experimental parameters (np < 6 X 10 ' 2 cmm3), however, a sizable wake field (< 1 MeV/mj is predicted to be excited by the sharp rise time (7 ps lo%-90%) of the bunch, as can be seen by the oscillations in the focusing force in Fig. 7(a) . Meanwhile, since the bunch radius is less than cIwP , the self-magnetic field is not substantially reduced compared to the case (n,<2X 10" cm-"), where &=-c/up [ Fig. 7(b Fig. 7(b) , because the focusing force deviates significantly from linear focusing (e.g., AW,lW,~O.25 for t-,21.0 mm, where A W, is the deviation from linear focusing), the electrons at large radii are underfocused, relative to those near the axis (spherical aberrations). From geometrical optics, the spherical aberration is predicted to limit the minimum spot size to ?=0.25r, .9 Based on the wake field theory, the contribution of the radial electrostatic wake fields (E,) to the peak focusing force [W,=E,-( QIc) BJ is about 40%. Since the plasma density profile is measured precisely, the time-dependent transverse focusing force of the plasma lens can be calculated from the wake field theory along the plasma. Once the focusing force is known as a function of time and plasma density, one can use the envelope equation,22
with space-charge and external focusing, to numerically estimate the average transverse beam size as a function of axial position. In Eq. (3), E is the beam energy, and K=2r,Iol ep3y3c is the generalized perveance of the beam. The electron bunch is divided into 11, evenly spaced (5 ps intervals), infinitesimally thin slices in time. Similarly, the axial plasma profile is also divided into 20, 1 cm long sections. Each plasma section is assigned a constant plasma density to approximate the measured axial density profile. Then, the transverse focusing force [W, , excluding the space-charge term, f( l')/g] is calculated as a function of time from Eq. (2) for each plasma section. Subsequently, Eq. (3) is numerically integrated to obtain the average transverse bunch size (FWHM) and the divergence angle (I') of each slice as a function of z. The process is repeated for all 11 slices of the bunch. In these calculations, the axial forces are neglected, and any variations in the initial transverse bunch size and emittance along the bunch are also ignored. Due to the short axial length (1 cm) of the plasma sections, the bunch radius variations across each section are negligible (< 1%). In addition, it is assumed that the radial profile is self-similar; i.e., as a function of z, the profile remains a Gaussian. For comparison purposes, the results of the above calculations are plotted as a function of time at the axial position of the Cerenkov radiator in Fig. 6(b) . Considering the simplicity of our model, which also ignores azimuthal asymmetries, the calculated and measured bunch sizes agree quite reasonably at earlier times and at the best focus, but deviate at later times. A normalized slice emittance of 7 n-mm-mrad, as predicted by PARMELA, gave the best agreement with the measured minimum bunch size. Since the transverse profile of each slice of the bunch is known theoretically, the profiles can be combined with the appropriate weighting factor to obtain the time integrated transverse bunch profile. At each axial position, the transverse bunch sizes are integrated in time by summing the calculated transverse profile of each slice, with a weighting factor proportional with the current and inversely proportional to the transverse size squared. As Fig, 8(a) indicates, the agreement between the measured and numerically calculated radial profiles at PS2 are quite good. It is interesting to (a) note that the time-integrated radial profile has significant wings and is no longer Gaussian. This process is repeated at several axial positions to obtain the time-integrated beam envelope trace [ Fig. S(b) ]. For comparison purposes, the time-integrated measured transverse bunch sizes (FWHM) are displayed against the numerical calculations. It is interesting to note that the experimentally observed longitudinally asymmetric focusing of the bunch about the best focus is correctly predicted. This behavior is a direct result of timedependent focusing. Since the integrated transverse bunch size (FWHM) is mainly determined by the focused (highestintensity) part of the bunch, as different parts of the bunch come to focus at different axial positions, it appears as though the bunch stays focused over a longer axial distance. To obtain the integrated bunch sizes at PS2 as a function of charge, the above calculations are also repeated as a function of bunch charge. The calculated results, plotted in Fig. 5 , agree quite well with the time-integrated measurements. A particle-in-cell simulation of the experiment is also performed with MAGIC:~ a fully electromagnetic, fully relativistic, 2.5dimensional code. The particles from the PARMELA simulations are imported into MAGIC, where they propagate through a neutral plasma with an axial profile identical to that of the measured profile. The MAGIC simulation results are shown in Figs. 6(a) and 8, along with the calculations and measurements. Although the overall agree-ment between the time-resolved measurements and the simulations is not good, especially at early times [ Fig. 6(b) ], the minimum spot size is predicted correctly. On the other hand, the simulations agree well with the time-integrated measure ments of transverse bunch profile [ Fig. 8(a) ] and the axial profile of the bunch size [ Fig. 8(b) ].
V. SUMMARY
In summary, we have investigated the focusing properties of an overdense (nh<n$ plasma-lens. Time-resolved measurements of the focused bunch indicate that the head of the bunch, the first l/o,, is not focused while the rest of the bunch is focused by varying amounts. The dynamic nature of the focusing is partly due to two effects. The first is the temporal profile of the bunch current, which produces a time-dependent self-magnetic force. The second is the large plasma wave excited by the sharp rise time of the head of the bunch. Both the time-resolved and time-integrated measurements of the spot size downstream of the plasma lens are in reasonable agreement with the results of the numerical calculations of the linear wake field theory and MAGIC particle simulations. These results.are relevtit io'plasma wake field experiments and plasma lenses proposed for future colliders.
